Comparison of site characteristics …………………………………………………………………..….…….. 9 Table 2 : Rules defining the beginning of a storm event ………………………………………….………..….. 20 ABSTRACT Urbanization of landscapes alters watershed hydrology, leading to changes in the natural flow regime of local streams. Runoff from impervious surfaces and routing of stormwater can cause a rapid increase in the volume and velocity of streamflow. This is observed in the hydrograph as a steep rising limb, followed by a high peak, and a rapid falling limb. This rapidly varying streamflow, often referred to as flashiness, can increase erosive forces on the channel bed and banks, leading to channel incision and bank erosion. In areas where the hydrologic regime is less impacted by humans, beaver dams and ponds attenuate storm flow, resulting in a hydrograph that responds more gradually to storms. Currently, however, no studies have been published that examine how beaver dams affect streamflow in urbanized systems. This study seeks to determine whether the presence of beaver dams and ponds in urban stream reaches reduces stream flashiness and decreases the magnitude of storm events. In the Tualatin River Basin, in northwestern Oregon, surface water stage was collected upstream and downstream of two beaver affected stream reaches in the urban portion of the watershed. Continuous stage measurements were combined with channel cross-sectional measurements to derive the wetted cross-sectional area, a timeseries variable that was used as a surrogate for discharge to assess the effects of beaver dams on hydraulic change during storm events. Results showed a moderate decrease in the magnitude of most storm event peaks downstream of beaver-affected reaches, indicating a dampening of streamflow during periods of heavy rainfall. The effects of the beaver dams and ponds on hydraulic variability were quantified using a frequency analysis of the rate-of-change in the wetted cross-sectional area, which tended to reinforce the observed reduction in streamflow variability during storms. The degree of attenuation varied between the two sites, suggesting that other factors influence the efficacy of beaver dams and ponds at dampening streamflow variability during storm events.
INTRODUCTION
Land-use changes that increase the amount of impervious surface across a landscape can alter the natural flow regime of local streams. The development of landscapes increases the area of roads, rooftops, and other hard surfaces, which prevents stormwater from infiltrating into the ground. The result is more runoff and less storage within the landscape. Stormwater in a typical urban landscape is routed to streams more quickly and at a higher volume than would occur in a less impacted landscape, decreasing the lag time between a precipitation event and an increase in streamflow (Arnold and Gibbons, 1996) . As an area becomes urbanized, streams are often re-routed and channelized to fit the built environment. Similarly, as wetlands are filled and developed, the capacity of the landscape to store water decreases, and the magnitude of high flow events increases (Poff, et al., 1997) . These land-use changes cause the flows and water levels of urban streams to rise and fall more rapidly than their lessaltered counterparts (Figure 1 ). This rapid variation in streamflow is commonly referred to as Page | 3 stream flashiness. Flashiness is observed in the hydrograph as a steep rising limb, a higher peak and a rapid falling limb (Baker and Richards, 2004) . The steep slope of a flashy hydrograph typically has higher rates-of-change than a less flashy hydrograph.
Altering the natural flow regime can have negative impacts on the stream channel and surrounding riparian area. Flashy, channelized streams have high stream power during storms that can scour stream banks and incise the stream channel (Booth, 1990) . That incision tends to disconnect the stream from its floodplain at all but the highest flows, and further promotes a flashy response by confining storm flows to the deeper, incised channel. The simplification of the stream channel and changes to the natural hydrologic regime decreases habitat diversity and results in a decline in native species diversity (Poff, et al., 1997) . The response is more gradual with smaller rates-of-change than its urbanized counterpart that responds rapidly with intense rates-of-change.
Beaver dam building activity could potentially alleviate some of the negative impacts to streams caused by urbanization. Dams impede surface water flow and push water onto the floodplain, creating ponds that provide suitable habitat for beaver and allow them to safely traverse the streamscape. Surface water flow paths diversify, and floodplain connectivity is further promoted, as beaver dig canals to transport large wood. Studies in forested and rural streams that are less altered by human activity show that beaver dams benefit stream health and provide ecological uplift (Wright, et al., 2002; Westbrook, et al., 2006; Giriat, et al., 2015) .
For example, dams increase the volume of water stored in the stream network by dispersing water laterally across the landscape (Puttock, et al., 2016) . Beaver ponds can buffer stormflow events, which increases the lag time between precipitation peak and downstream peak discharge. Water stored in beaver ponds during storms is gradually released, lengthening the duration of event flow and decreasing the magnitude of peak events (Nyssen, et al., 2011; Puttock, et al., 2016) . Currently no studies have been published that examine how beaver dams affect streamflow in urban systems that have an altered hydrologic response. Because urban streams typically respond differently to storm events than streams that are less impacted by humans, it is unclear whether these beaver-related hydraulic benefits exist in an urban setting.
Background and purpose
Clean Water Services (CWS) is the primary wastewater and stormwater management utility in the urban portions of the Tualatin River Basin (TRB; Figure 2 ). In 2016, the Oregon Department of Environmental Quality asked CWS to incorporate a hydromodification plan into their watershed-based stormwater permit. The purpose of the hydromodification plan would be to better manage increases in the amount and timing of water entering streams during storm events. In their planning efforts, CWS identified beaver as a potential in-stream hydromodification tool, knowing that beaver activity tends to reduce the hydraulic effects of storm events in less-impacted streams and that beaver are native to and increasing in abundance in the TRB. CWS partnered with the U.S. Geological Survey to quantify the effects of beaver on the geomorphology, hydrology, ecology and water quality of urban streams in the TRB. This paper quantifies the effects of beaver on hydraulic changes during storm events by addressing several key questions: (1) do beaver dams and ponds buffer the rapid rates-ofchange in stream discharge (or its proxy, wetted cross-sectional area) that are common on the rising and falling limbs of an urban stream hydrograph?; (2) do the magnitudes of peak streamflows during storms decrease downstream of a beaver reach?; and (3) do beaver ponds store water during storms and release it more gradually over a longer period of time?
This research will inform local resource management decisions by helping to quantify the benefits and limitations of beaver activity on mitigating streamflow changes associated with urbanization on streams in the TRB.
Study area
The TRB encompasses 712 square miles (mi 2 ) in northwestern Oregon ( to remove pollutants (often through infiltration into the soils). However, the facilities likely provided ancillary benefits by decreasing the volume or rate of runoff entering streams during storm events. Additionally, during the early 1990s the county implemented a riparian buffer rule that prohibited most development from occurring within 7.5 meters of the stream bank (Ozawa and Yeakley, 2007) . Both of these regulatory changes likely influenced development along Stoller Creek, but probably had little impact on Fanno Creek which was largely developed prior to the implementation of such rules. Like streamflow measurements, WCA is computed using water level and channel width, but unlike streamflow, velocity is not included in WCA calculations. Velocity can affect the amount of water passing through a cross section; for that reason, 13 velocity measurements recorded at the upstream and downstream sampling locations on Fanno Creek were compared.
METHODS

Data Collection
Velocity measurements were recorded when measuring stream discharge for another portion of the study. Unfortunately, these measurements were not made at the Stoller locations, but velocity comparisons are not normally done when using WCA, so it was assumed that the WCA approach was still appropriate. A paired t-test assuming equal variance was applied using R statistical software (R Core Team, 2017) to determine if velocity measurements collected at the upstream Fanno sampling location were significantly different from the downstream sampling location. Prior to the analysis, the velocity datasets were tested for equal variance and normality and were found to meet both assumptions for a paired t-test.
WCA has been shown to be more useful than stage data when analyzing hydraulic changes when a stage-discharge relation was not well-established (Brown et al., 2009; Richards, et al., 2010) . Booth and Konrad (2017) found that a common metric of streamflow variability, the Richard-Baker Index for flashiness, was not accurately calculated using stage data, but could be computed using water depth. Water depth is incorporated in the calculation of WCA, but WCA goes a step further by including the entire area of flow. WCA can be used to calculate a range of hydrologic metrics but it does have limitations, particularly because it cannot be used to calculate the volume of water moving through a site. Volume estimates would have been useful in this study as they would have allowed water stored within the beaver reach to be quantified. 
Rate-of-Change Frequency Analysis
Metrics were calculated to assess the rate-of-change in WCA at the upstream and downstream sampling locations. The WCA time step was increased to minimize autocorrelation so that the results could be tested for significant differences between the A chi-square test for independence (Microsoft Excel, 2016 ) was used to determine whether the frequency counts between the upstream and downstream sampling locations were statistically similar. The frequency analysis resulted in a categorical variable because it counted each time a threshold was exceeded. A chi-square test is used to test the independence of categorical variables, making it a good fit for this dataset. Additionally, the Wilcoxon rank-sum test was used to test whether the frequency of high rates-of-change (rates-of-change that exceeded three-times the median) were statistically different between upstream and downstream sampling locations. The Wilcoxon rank-sum was computed using normally distributed and it because it allowed for a different number of observations in the two datasets.
Event Magnitude
A storm-event separation analysis was conducted to assess whether the presence of beaver dams and ponds might decrease the peak magnitude of streamflow or water level during storm events at sites immediately downstream, thus buffering the effects of those storms on The correlation is present in data sampled multiple days apart, so it's not of concern. The results for Stoller Creek (7b) show there is no significant autocorrelation in all of the datasets.
the stream hydrograph. A storm event was assumed to begin when the positive WCA rateof-change exceeded a predetermined threshold for a set amount of time (Table 2) .
Comparable event starts for the upstream and downstream site locations were identified and used for the analysis (see Figure 8 for example results from Fanno Creek for March 2016). The magnitude of peak events was calculated by subtracting the WCA at the start of the event from the peak WCA, thus defining the peak magnitude as the maximum change in WCA for each event. The peak magnitude was then divided by the median WCA at each sampling location to account for differences in baseflow so that the normalized peak magnitudes (NPM) were more comparable among sampling locations (Richards, et al., 2010) . Table 2 . Rules used to define the beginning of a storm event. Averages and percentiles were calculated for each site using rate-of-change data for the period of analysis. [ROC = rate-of-change in wetted cross-sectional area]
PROC = positive rate-of-change (rate of change in rising continuous wetted area) NROC = negative rate-of-change (rate of change in falling continuous wetted area)
A Wilcoxon signed-rank test was conducted using R statistical software (R Core Team 2017) to assess whether the NPM were statistically different downstream when compared to upstream.
The Wilcoxon signed-rank test is a non-parametric alternative to a paired t-test. It is useful when a dataset does not meet the assumption of normality, a requirement for a t-test, as was the case with the NPM datasets at both Fanno and Stoller Creeks.
RESULTS
WCA Rates of Change
At the Fanno Creek site, no significant difference was found between velocity measurements at the upstream and downstream locations (p=0.09474), suggesting that the WCA are figure   9a show that rapidly changing WCA that were three, five, and seven times the median rateof-change, occurred more frequently at the downstream sampling location. At the highest threshold, nine times the median, there was a substantial decrease downstream. Results from the Wilcoxon rank sum test show that there is a significant (p=0.02) difference in the WCA rates-of-change that exceeded three-times the median. On the falling limb at Fanno Creek, figure 9 shows a decrease downstream in the occurrence of rates-of-change that exceeded the nine times the median threshold (Figure 9b ), but, when testing all thresholds no significant differences were found in the frequency of occurrence (chi-square test for independence, p=0.634). Additionally, the high rates of change were not significantly different when comparing the upstream to downstream (Wilcoxon rank sum, p=0.27).
Results from the Stoller Creek analysis showed a significant decrease in the occurrence of rapid rates-of-change of both the rising (Figure 10a ; chi-square test for independence, p=0.014) and falling limbs (Figure 10b ; chi-square test for independence, p=0.019). Rates-ofchange that exceeded the highest threshold, nine times the median, occurred substantially less often downstream. Additionally, the rates-of-change were significantly different between sampling locations on the rising limb (Wilcoxon rank sum, p=0.0006) and on the falling limb (Wilcoxon rank sum, p=0.002). 
Normalized Peak Magnitude Comparison
Normalized peak magnitude (NPM) at Fanno Creek was often moderately lower at the downstream location. Attenuation appeared to increase as event size increased (Figure 12a ).
However, during periods of high flow, water exited the study reach laterally to an adjacent pond. A second comparison was made using only the storm events in which water remained in the study reach and did not overflow into the adjacent pond. Cross-sectional data from a bathymetric survey of the site (Figure 13 ) showed that multiple low-lying points occur along the margin of the channel (Figures 13, 14) , where the maximum elevation is just 51.6 meters and water could escape the channel and not travel past the downstream sampling location.
Events with a downstream peak that exceeded a water-surface elevation of 51.6 meters were Normalized peak magnitude at the upstream site is plotted against the downstream site. The black dashed line represents a 1:1 relation. Plot 12a shows all 55 storm events. A decrease in the downstream magnitude of the larger storm events is apparent, highlighted in yellow. During a large storm event, water exits the channel and flows across the landscape, sometimes entering a neighboring pond. Such events were removed in the plot on the right to assess events where stormwater remained in the study reach. This plot (12b) shows that a modest decrease in normalized peak magnitude often occurs at the downstream site during these smaller events.
At Stoller Creek, a consistent decrease in NPM magnitude occurred at the downstream location ( Figure 15 ). This attenuation appeared to increase as the size of the event increased.
NPM decreased by an average of 54% at the downstream Stoller Creek site for all 51 events.
A Wilcoxon signed-rank test showed a significant (p<0.001) difference in NPM between the upstream and downstream sampling location. 
DISCUSSION
Hydrologic Response During Storm Events
Based on the results of this study, the presence of beaver dams and ponds in two urban streams in the Tualatin River Basin did have a modest effect on streamflow variability and storm event peak magnitude. The beaver dams forced water onto the floodplains at Fanno and Stoller Creeks, creating ponds that can store additional surface water on the landscape during storm events. A temporary storage and gradual release of water were detected at Stoller Creek. The ability of this reach to store water led to a slight decrease in the magnitude Other potential explanations for the differences in rising limb behavior between the study sites include differences in floodplain accessibility and storage, as well as in the availability of dam building materials. It is possible that the storage capacity of the beaver reach at Fanno
Creek was near its limit and therefore could not store enough water to have a greater attenuation effect during storm events. There were areas within the wide, unconfined floodplain at Fanno Creek that were not accessed by the stream during storm events.
However, the height of the dams and their locations on the landscape did not create 
Limitations to Study Design
This study examined only two stream reaches, which represent a small portion of the stream network in the TRB and a small sample of various dam characteristics, stream slopes, and floodplain sizes, to name just a few potential differences among streams. Future studies would benefit from including a wider range of stream sizes and dam types to better understand the degree of stormwater attenuation that might occur in a variety of streamscapes. This work could also uncover the landscape factors that best support stormwater attenuation in beaver-affected reaches, and help resource managers understand where best to encourage beaver activity to reap a maximum level of benefit.
The results presented in this paper represent the effects beaver dams have on stream flashiness over a brief period of time. These effects are not stable or permanent because beaver continually alter the environment to fit their needs. Beaver will extend the dimensions of their dams and build additional dams as needed. Additionally, they are a transient species that may abandon a location once their food resources have become depleted. It is not reasonable to expect a consistent stormwater attenuation effect once a network of beaver dams is established. Even if landscape factors remain the same, beaver dams will likely change in length and height, and increase in number over time as beaver alter the stream to fit their needs. Beaver ponds can also trap large quantities of sediment and aggrade incised streams, resulting in an increase in floodplain connectivity that might help to attenuate stormwater, or change the degree of attenuation at different flows. Eventually dams will be abandoned and no longer maintained. It is possible that stormflow attenuation could be reduced or completely diminished once a beaver dam is no longer maintained. It would be beneficial to examine if and how the stormwater attenuation effect of a beaver affected reach changes over time as the network of dams evolves and eventually becomes abandoned.
Effects of Dam Notching
During the data-collection period at Greenway Park, the Tualatin Hills Parks and Recreation District staff notched the most upstream dam to reduce water levels and prevent flooding on the main nearby trail (Figure 4) . A decrease in surface-water elevation was measured 0.33 river miles upstream and a brief increase in water-surface elevation was measured downstream (Figure 17 ). Based on these measurements, this upstream and smallest dam appeared to cause a measurable backwater effect that extended beyond the perceived ponded area, farther upstream than originally anticipated. The beaver dams apparently can impede flow in the channel even when a backwater condition is not obvious. 
Implications for Management
If beaver dams are to be used as a means of limiting or mitigating hydromodification in the TRB, it is imperative that resource managers understand the conflicts that may arise due to beaver dams and ponds, and where these conflicts are most likely to occur. In an urban setting, flooding may be a greater concern than in rural areas, because urban areas tend to have large amounts of infrastructure or development in or near floodplains that would be vulnerable to a rise in water level. Beaver activity can plug culverts and increase localized flooding risks to roads, buildings and homes located close to the stream network. A conflict model would locate areas of highest and lowest concern, allowing resource managers to be proactive when managing areas where beaver activity is not favorable. In areas of low concern, beaver activity could be encouraged through restoration activity, such as vegetation planting. In areas where conflicts of high concern are most likely to occur, resource managers could actively discourage beaver activity by fencing trees and planting species that beaver do not utilize for dam building or foraging. In some situations, it might be appropriate to provide structural support to a beaver dam. Dams in incised channels are more likely to breach during storm events because velocity is often higher due to the disconnection between the stream and its floodplain (Pollock, et. al., 2012) . Structural support also might be beneficial in areas where a dam breach could cause downstream flooding that would affect infrastructure.
department of transportation, parks department, etc.) would benefit from information on how to coexist with beaver. A framework that explicitly lays out potential conflicts and management options (such as the decision tree proposed in Figure 18 ), could lead to more consistent management actions across the basin. A framework would also cut down on the response time between the occurrence of potentially negative beaver activity and the response from agencies. Beaver work quickly, so it is important for agencies to act just as quickly in situations where beaver activity might cause a problem. Figure 18 . Example of a decision tree to help resource managers decide what action to take.
CONCLUSION
Results from this study of two beaver-affected reaches demonstrate that beaver dams and ponds can potentially be used as a tool to minimize the effects of hydromodification. Modest stormflow attenuation was observed at the study sites with beaver activity, but beaver dams and ponds alone cannot remediate the flashy response that typically occurs in urban streams, such as Fanno and Stoller Creeks. The volume and timing of runoff entering streams continues to be a concern for resource managers of urban streams. Additionally, the degree of stormwater attenuation appears to be site specific. More research on the hydraulic response of beaver-affected reaches across a variety of sites and over a longer timeframe would help resource managers understand where to promote beaver activity in order to obtain the most benefit.
o Collection and data management of continuous temperature measurements at 28 sites with the goal of understanding spatial and temporal diversity in stream temperature in beaver-affected reaches.
o Assisted in organizing and conducting three temperature synoptics to measure spatial variability in surface water temperature on hot days.
o Collection and data management of continuous surface water elevation data at nine locations and groundwater elevation data at eight locations.
o Assisted in the maintenance and calibration of six water quality sondes.
o Assisted in the collection of bathymetric data and other elevation data using both a total station and a real time kinematic surveying tools.
o Assisted in organizing and conducting suspended-sediment samples during numerous storm events.
Data collection ended in the fall of 2017, and since then my role in the study has changed. I am currently working to process and analyze the temperature and surface-water elevation data. Once data analysis has been completed, I will be writing about the results of the study and continuing to present the findings.
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In an effort to educate the public about this study, and to improve my communication skills, I
have completed a number of talks and provided site tours to various groups. These accomplishments include (but are not limited to) the following: 
